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SETTLING  .OF  AEROSOL,  INTRODUCED 

Into  the  atmosphere  as  a  vertical 

TURBULENCE  STREAM 

V.  F.  Dunsk*iy 

A  theory  of  the  convective  diffusion  of  an  aerosol  from  a 
point  or  a  linear  source  usually  considers  only  the  discharge 
rapacity  of  the  source;  the  remaining  properties  (initial 
kinetic  and  thermal  energy  etc,,  imparted  to  the  aerosol)  are 
not  considered  in  the  theory. 

In  the  majority  of  cases  such  simplification  is  permissible. 
However,  when  solving  certain-  technical  problem.,  involving  a 
powerful  stream  source,  this  simplification  introduces  severe 
distortions,,  and  deprives  the  results  of  any  practical  value. 

In  solving  such  problems  it  is  advisable  to  use  the  technique 
of  the  serhi-emperical  theory  of  turbulent  streams  [1],  An 
example  using  this  theory  Is  the  study  of'  the  trajectory  of 
thermal  flows  in  the  nearTearth  layer  of  the  atmosphere  [2]. 

Certain  elements  of  this  theory  may  be  also  used  in  solving 
the  problem  which  we  consider  here  concerning1  the  settling  of 
aeroovl  from  a  vertical  stream.. 
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When  farm  crops  are  sprayed  with  fine  drops  using  a  surface 
generator  which  creates  a  stream  of  evenly  dispersed  aerosol 
(air  with  drops  injected  into  it).-  the  effective  capture  width 
can  be  considerably  increased  by  directing  the  stream  upward. 
The  stream  lifts  the  drops  to  a  certain  height,  and  the  drops 
settle  over  a  considerably  broader  area  than  when  the  stream 
is  directed  horizontally .  The  height  to  which  the  drops  of 
the  stream  are  lifted-  decreases  as  the  wind  speed  increases^; 
this  decreases  the  influence  from  wind,  velocity  on  the  spread 
of  the  drops  over 'the  treated  area,  1. e.,the  dependence  of  the 
results  of  the  treatment  on  meteorological  conditions  decreases. 
These  advantages  have  acted  as  a  stimulus  for  conducting  & 
series  of  experiments,  (see  for  example,  [3.]),  in  order  to  con¬ 
firm  the  advantages  of  'this  method. 


The  height  to  which  the  drops  rise  is  determined  by  the 
shape  of  the  stream  in  the  wind  carrying  it.  The  shape  of 
the  axis  of  a  stream  of  air  flowing  into  a  transverse  flow 
from  a  circular  nozzle  can  be  determined  from  the  following 
empirical  formula.,  proposed  by.  Shandorov  [O: 


X 


2/if  ~~ 


z 

2*o 


1  4- 


<7oi 

?o: 


J-)  Ctga0. 


(1) 


where  x,  z  -  coordinates  of  the  points  of  the  stream  axis  (the 
z-axis  is  directed  upward,  origin  of  coordinates  lies  in  the 
center  of  the  nozzle  exit  section,  x-axis  is  directed  along  the 
drifting  flow),;,.  Rq,  aQ  -  nozzle  radius  and'  angle  formed  by  the 
nozzle  axi's  and  the  drafting  flow; 


'>  ' 


are  the  velocity  heads  in  the  drifting  flow  and  in  the  nozzle 
exit  section  respectively. 
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The  formula  is  valid  throughput  the  change  of  Qo2//q01  frorn 
2  to  22  and  from  ^  fce  “0°.  ' 

Yu.  V.  Iyanov  [5]  obtained  another  empirical  formula,  which 
is  valid  in  the  interval  2  <  Qq^/Qq^  <  1000,  60°  <  aQ  <  120°, 


Another  theoretical  solution  to  the  problem  is  also  known  f.JL], 
which  conforms  satisfactorily  with  formulas  (1)  and  (2). 

Exact  correspondence  between,  empirical  formulas  (1),  (2) 
obtained  by  means  of'  modeling,  and  a  process  of  interest  to  us, 
would  have  taken  place  under  the  condition  of  geometric  similarity 
and  equality  of  the  corresponding  criteria  of  similarity.  This 
condition  was  not  observed;,  however,  the  deviations  from 
geometric  similarity  are  of  a  secondary  nature,  and  the  differences 
in  the  Reynolds  criterion  (when  Re  >  20,000)  and  in  the  degree 
of  turbulence  of  a  tangled  or  a  drifting  flow  has  little  effect 
on  the  structure  of  the  streams  ([1],  p.  575)-  Therefore,  it 
may  be  assumed  that  formulas  (1),  (2)  may  be  approximately 
applied'  to  the  considered  process  of  the  flow  of  a  vertical 
turbulent  air-drop  stream  into  the  atmosphere  under  conditions 
which  resolve  the  way  in  which  the  spraying  is  conducted  (inversion, 
isothermy,  weak  convection). 

According  to  formulas  (1),  (2),  the  ordinate  of  the  stream 
protectory  z  increases  without  limit  as  the  distance  from  the 
nozzle  x  increases.  However,  as  the  length  of  the  stream  increases 
its  average  velocity  v  rapidly  decreases  (because  of  the 
intensive  mixing  with  the  surrounding  air  and  the  constant 
momentum),  and  at  a  certain  z  =  AH  the  vertical  component  v 
of  the  average  stream  velocity  approaches  in  magnitude  the 
vertical  component  of  the  average  pulsating  velocity  of  the 
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drifting  flow,  after  which  the  difference  between  the  .stream 
and  the  drifting  flow  for  all  practical  purposes  disappears.  It 
may  be  shown  that  the  statement  v  =  approximately  corresponds 
to  the  inclination  'of  the  scream,  tg  ot  =  0.2,  whence,  from 
formula  (2)  we  obtain  the  following  formula  for  the  height 
to  which  the  stream  is  lifted  (i.e.,  rise  of  the  particles  under 
the  generator  nozzle); 


—  2,58/?0  ^3-j1,3 .  (3> 

The  corresponding  Ax  -  1.66  AH.  Since  the  width  of  the 
area  over  which  the  drops  settle  exceeds  H  by  tens  of  times  (see 
below) j  the  quantity  Ax  can  be  neglected  during  the  computations. 

At  a  rate  of  gravitational  settling  of  the  particles 
w  >>  u},  i.e.,  for  the  most  uneven  aerosol,  the  true  height 

Ci 

to  which  the  particles  are  lifted  can  turn  out  to  be  less  than 
that  computed  according  to  formula  (3.);  such  particles  fall 
from  the  stream  in  the  direct  vicinity  of  the  generator  with 
the  appropriate  generator  construction  and  proper  selection  of 
the  operating  conditions.  These  particles  make  up  an  insignificant 
portion  of  the  sprayed  substance . 

After  determining  the  effective  height  of  the  source  H  = 

=  H ^  +  AH  (H^  -  height  of  the  initial  section  of  the  stream 
above  the  ground).,  the  settling  of  the  mixture  on  the  ground 
can  be  computed  by  using  the  theory  of  atmospheric  diffusion. 

The  problem  is  formulated  as  follows:  a  continuous  point  source1 
of  the  (settling)  mixture  moves  to  height  H  with  constant 
speed  v  perpendicularly  to  the  wind,  and  moves  over  path  l  in 
time  T.  We  seek  the  solution  to  the  equation  of  unsteady 
diffusion  under  the  corresponding  initial  and  boundary  conditions.. 


‘An  element  of  an  aerosol  stream  at  height  H  may  be 
approximately  considered  as  a  point  source,  since  the  dimensions 
of  the  stream  cross  section  at  this  height  are  small  in  comparison 
with  II. 


'I 


With  such  a  formulation  of  the  problem,  its  solution  is 
complex,  and  it  is  difficult  to  obtain  simple  computational 
formulas;  further  simpliflcatlorTs  are  advisable. 

Let  us  show  chat  consideraole  simplifies  ions  are  possible 
without  damaging  the  accuracy  of  uhe  solution  if  we  limit 
ourselves  to  determination  of  the  density  of  the  deposit  of 
mixture  on  the  ground.  The  considered  process,  is  unsteady: 
local  values'  of  the  concentration  of  mixture  c(x,  y,  z,  t), 
in  the  near-earth  layer  of  air  are  time-variable.  However,  the 

no 

accumulated  values  j'cCx,,  y,  z,  t)dT  =  <{>(x,  y,  z),  obtained 

o 

by  summing  the  instantaneous  values  of  c  at  -each  point,  and 
determining  the  density  of  the  deposit  of  mixture  on  the  ground, 
possess  a  stationary  (time-independent)  field.  In  solving 
tnis  problem,  as;  in  the  majority  of  problems  related  to  the 
deposit  of  a.  heavy  mixture  of  the  near-earth  layer  of  air 
tc  the  ground,  we  are  usually  interested  in  the  density  of  the 
deposit  of  mixture,  i.e.,  the  accumulated.,  and  not  the  Instantaneous 
values  of  the  concentration.  Therefore  the  nonstationary 
problem?  of  the  deposit  of  mixture  from  an  instantaneous 
continuous  moving  source  may  be  reduced  to  the  stationary 
problem  of  the  deposit  of  mixture  from  an  equivalent1  continuous 
fixed  -source. 

We  will  prove  the  admissibility  of  such  a  simplification  for 
the  most  simple  case  of  an  instantaneous  point  source,  namely, 
that  from  the  point  of  view  of  deposits  being  formed,  i.t  can 
be  replaced  by  a  continuous  point  source,  equivalent  in  power. 

Assume  to  be  known  the  function  G^f(x-,  y,  z,  t  -r  t),,  determin¬ 
ing  the  fields  of  concentrations  o  for  an  instantaneous  point 
source  with  output  kg,,  operating  at  x  =  t.  The  density  5f 

*In  the  sense  of  created  deposits. 


the  deposits  of  mixture  of  the  ground  (z  =  zQ),  created  by  this 
source  at  a  rate  of  gravitational  settling  of  particles  w, 

co 

g,~  (7|W  l  f{x,  y,z0,  ?  —  t)d-, 

t 

or,  after  transforming  the  variable  under  the  integral  sign  t  =  0 
and  the  corresponding  change  o.f  the  limits  of  integration 

co 

g,  =  O',® |  /  (*,  y,  20 .  h) db-  ( ) 

0 

Let  us  now  turn  to  ’a  continuous  poi  it  source  with  output 
62  kg/s. 

Using  the  principle  oC  superposition,  we  will  consider  it 
as  the  totality  of  an  infinitely  large  number  of  elementary 
instantaneous  point  s;->  rces  with  output  G  ,dx ,  operating  in 
series  over  an  infinite  fraction  of  time  t.  Field  of  con¬ 
centration  dc>,  created  by  each  source  at  time  t  =  t 

dc  =  G,  d-f  (.v,  y.  2,  f-  ")• 

The  total  concentration  of  mixture  created  by  the  totality 
of  elementary  sources  at  a  time  x  =  t 

1  -f 

c  =  G-i  J  /(-'■)  y,  2,  t  —  *)  d~  — -  0>  j  /('•'•',  y>  t  ■)  cf  (- 

—co  * 

or  after  transforming  the  variable  under  1  ne  .integral  sign,, 
x  =  t  -  0,  and  tiie  corresponding  change  of  the  limits  of 
.integration 

Cl 

r  =  )  fix,  y,  2.  GfdO. 

0 

The  density  of  the  deposit  left  after  one  second  by  the 
totality  of  elementary  sources,  corresponding  to  the  continuous 
source  under  consideration, 


With  identjcal  flow  rates  of  mixture,  i..e.,  when  G^Ckg]  = 

=  G2[kg/s],  expressions  (4)  and  (5)  are  identical*  and  g^  =  g^; 
the  equivalence  has  been  proved. 

An  analogous  method  may  also  be  used  to  prove  the  equivalence 
(in  our  sense)  of  both  instantaneous  and  continuous  linear 
sources  of  infinite  extent,  instantaneous  and  continuous  linear 
of  finite  length  etc.  We  can  also  prove  the  equivalence  of 
sources  as  applied  to  our  problem,  namely,  a  continuous  linear 
source  of  length  l>  passing  over  path  l  in  time  T.  Neglecting 
boundary  effects,  the  latter  can  be  approximated  by  a  source  of 
infinite  extent. 

As  a  result  of  our  simplification  the  problem  reduces  to  the 
solution  of  the  equation  of  steady  diffusion 

(“6) 

as  applied  to  the  settling  of  an  evenly  dispersed  aerosol 
on  the  vegetation  cover  of  the  earth,  i.e.,  taking  into 
consideration  not  only  settling  due  to  gravity,  but  also  settling 
due  to  inertia.  As  was  shown  in  [6],  in  this  case  the  boundary 
conditions  on  the  upper  edge  of  the  vegetation  cover  z  =  h 

£%£—aC(x,  h),  (7) 

where  _  W  4-  w  Wr—  l~i)  (ft) 

a - K(h) 

c  ( xo ) 

K  -  a  r  coe^1''icienfc  f°r  retention  of  particles  by 

plants;  3  -  specific  area  of  projection  of  plants  onto  an  area 
normal  to  u;  B(_  -  specific  area  of  horizontal  projection  of 
plants;  K  -  coefficient  of  convective  diffusion.* 


The  condition  of  the  source 


*(0.  i) 


//). 
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where  6  -  delta- function  symbol;  G  -  output  of  continuous  linear 
source,  .  -  ■>  ?  ,  /)  5  =.  . 


The  condition  ons  infinity 


c  —  0  when  Vx--\- z-  —  oo . 


The  solution  to  this  problem  when 


,K.\z)—kz,  u(z)~utiz\ 


(>whic,h  corresponds  to  is  ot  he  ray ) ,  is  given  in  [6],,  u#  -  "speed 
of  friction,"  Zq  -  roughness  factor.  In  addition  to  precise 
solution  -there  is  an  approximate  formula  for  the  .density  of 

t- 

deposit  of  mixture  of  the  ground 


where 


a  *-Wfo  (*.  Q) 

*>o  tihu  (h)iw  +  5  ’ 


/.  /V  rn  —  ft*1  +  ?)  exp  (-i/-r)  (x_y-1 
C»(X'  °)  “  Hu  (H)  r  (I -p)  (  A  ) 


This  is  the  solution  of  Rounds  [7]  for  z  =  0  in  the  same 
problem,  but  without  taking  into  consideration  settling  due 
to  inertia;  in  place  of  condition  (7)  we  have 

0  as  s-0. 

Here  T  is  the  gamma- function  symbol 

j _ Hu(H )  _ W _ 

n  ~  0,  »  (1  4-  92)  u,  ’  I'  ~  0.4./*  (1  +  q)  • 

u#  -  "feed  of  friction."' 


Let  u,  now  compare  the  results  of  computations  according 
to  formula-  1)  and  (10)  with  the  experimental  data. 


An  experimental  study  of  the  settling  of  an  aerosol  from 
a  vertical  turbulent  stream  created  by  a  moving  generator  was 
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conducted  in  the  Krasnodarsk  Kray  and  the  Armenian  SSR  [8]-'  and 
in  tjie  Kustan'ay  oblas-t  [33*  The;. experiments  [8]  were  conducted 
with  aerosol  generatbrs  EAU-1  and  AG-L6,.  equipped  with  an  arfgled 
Venturi  tube;  the  liquid  was  sprayed  by  a  high-speed  air  flow' 
in  a  narrow  section  of  the  tube.  The  output  and  the  power  of 
the  stream  were  approximately  identical  for  both  generators. 

The  experiments  in  [3]  made  use  of  a  significantly  higher-power 
generator  OPS- 30,  equipped  with  an  angled  tube  having  Targb 
through  sections*.  The  long-range  vertical  stream  created  by 
this  generator  ensures  up  to*  200  m  coverage  span. 

During  the  experiments,  the  generator,  placed  on  a  two- 
wheel  trailer  or  on  the  platform  of  a  truck,  moves  perpendicularly 
to  the  wind  at  a  speed  of  4-6  kg/h..,..,.  Vesae, Is.  and -cla&agg.  are  . 
spread  around  on  the  ground  para] lei  to  the  wind  in  order  to 
measure  the  amount  of  liquid  which  has  settled  on  the  ground 
under  the  plants,  and  the  dimensions  of  these  drops. 

The  glasses  had  been  preliminarily  coated  with  a  layer 
of  zinc  stearate  or  silicone  in  order  to  ensure  a  constant 
contact  angle  (spreading  factor)  of  drops  of  different  dimensions. 
The  glasses  with  the  deposited  drops  were  examined  under  a 
microscope;  the  drops  were  counted  and  measured,,  then  divided 
into  classes  by  dimensions  taking  into  consideration  the  area 
of  glass  which  was  examined.  Preliminary  experiments  had 
established,  that  the  effect  of  evaporation  of  drops  of  the 
volatile  liquids  which  had  seen  used  (transformer  oil  and 
solar  oil)  could  be  neglected. 

In  comparison  with  theory  the  generator  of  polydisperse 
aerosol  was  considered  as  the  totality  of  several  sources  of 
monodisperse  aerosol  (fractions  with  n^rn-ow  range  of  drop 
dimensions)  acting  independently;  the  settling  of  each  fraction 
was  analyzed  separately. 


Q 


■>  O'  . 

The  degree  of  dispersion  of  the  aerosol  in  the  stream  at 
the  generator  exit  wa^  determined  with  the"  u^e  of  accasc-ade  $£> 

impactor' with  slot- type  gate.  The  output :of  the  source,,  correspond¬ 
ing  to  the  1-th  fraction  of  aerosol,  wa.->  taken  as  G.^  =-,  Gim,  where 
1^  is  the;  relative  weight  of  the  i-th  fraction  at  the  generator 
exit.  ,  •  4 

'/cDuring:  each  experiment  gradient  measurements  were  made  of 
the  average  wind  velocity  u  and  air  temperature  t  at  CL  5  and'  2  m. 
According  to  the  results  of  the  gradient  measurements  in  the 
isothermic  state,  the  roughness  factor  s -  was  determined. 

The  experiments  were  carried  out  c"er  smooth  areas,  covered 
with  a  sparse  grass  5-15  cm  high  (plain,  virgin  .soil ) 

In  order  to  decrease  the  effect  of  fluctuations  in  the 
density  of  aerosol  deposit  g  it  is  adv Is'-ble  to  u.se  for 
comparison  the  averaged  results  of  several  experiments ,  con¬ 
ducted  under  approximately  identical  meter rologicai* conditions , 
or  conducted  with  a  double  treatment  when  the  fluctuations  are 
less.  The  conditions  of  conducting  the,-  experinents  are  given 
in  Table  1. 

The  values  of  the  density  of  deposit  g^  of  the  individual 
fractions  of  aerosol,  averaged  for  each  group  of  experiments, 
was  taken  for  comparison;  during  the  computations  the  values  of 
parameters  given  in  Table  2  were  used. 

It  is  not  difficult  to  see  that  the  small  aGh  values  make 
tbs  denominator  in  the  rigiit  side  of  formula  (9)  close  to 
unity,  i.e.,  under  the  given  conditions  (low  sparse  grass,  100-u 
drops)  the  settling  due  to  inertia  plays  a  secondary  role. 

Figure  1  compares  the  results  of  the  computations  (solid 
lines)  and  experiments  (points)  for  one  oi  'tne  aerosol  fractions 
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Pig.  1.  Computed  and  measured  values  of  density 
deposits  gQ  of  drops  with  diameter  8-11*1  p  in  a 
stream  of  aerosol  directed  upward. 

for  three  different  generators t,  The  agreement  between  the 
measured  and  the  computed  values  of  is  satisfacotry. .  Analogous 
results  were  also  obtained  for  the  other  fractions. 

Thus,  our  method  (using  the  theory  of  convective  diffusion 
with  the  theory'  of  turbulent  streams)  gives  us  results  which 
agree  satisfactorily  with  experimental  data,  and  lead  to  formulas 
which  are  suitable  for  approximate  practical  calculations. 
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